Abstract: The characteristics of polarized random lasers (RLs), made from dye-doped twisted nematic liquid crystals (DD-TNLCs) in a wedge cell, have been investigated. Regardless of the multiple light scattering within disordered LCs inside the cell, the output polarization is compulsorily determined by the rubbing direction of PI on glass plate. Moreover, the output intensity of the RLs can be manipulated by the orientation of the linear pump polarization relative to the rubbing direction of polyimide on the incident glass plane. Through thermal control, the resonance characteristics of the RLs can be altered to generate the highest slope efficiency and lowest lasing threshold at 25°C. The measured results indicate abundant and intriguing optical and physical properties of the DD-TNLC laser.
Manipulation of Polarized Random Lasers from Dye-Doped Twisted Nematic Liquid
Crystals Within Wedge Cells
Introduction
Since the first concept reported by Letokhov in 1968 [1] about that occurrence of lasing action by integrating multiple light scattering events with light amplification, random lasers (RLs) have been theoretically predicted and experimentally investigated over several decades. Instead of real oscillation from cavity mirror, uncountable light bouncing events within scatters are needed for the confinement of photons within disordering distributed nanoparticles, termed incoherent feedback. Owing to the generation mechanism, RLs possess unique characteristics such as low spatial coherence and specific lasing spectrum that can be applied to suppress speckle noise [2] and biomedical diagnosis [3] . Generally, the constitutive elements in RLs were classified into two types. The first type contains only one kind of nano-size material that serves as both gain and scattering medium simultaneously, such as ZnO-film, powder and nano-rods [4] , [5] . The other type of RLs were produced by doping active medium like lasing dye into the scattering nanostructure, including high mass molecular polymers [6] , biological organs [7] , and flexible structures like paper [8] . In comparison with previous one, the scattering properties in this kind RL can be manipulated by changing the nature or the concentration of nanoparticles. Unlike incoherent feedback, coherent feedback of a RL will be produced when the scattering light trapped inside the disordered nanostructure forms a closed loop [9] . As the pump energy increases above a certain threshold to cause the mean free path, l s , to be greater than gain length, l g , i.e., l s ≥ l g , the multiple scattering emission light will be efficiently amplified. Here, the mean free path is given by l s = 1/(ρσ s ), where ρ and σ s are the number density of the scattering particles and scattering cross section, respectively. When the gain exceeds the loss, the spatial resonance would be produced. In the meantime, narrower coherent spikes, resulting from interference effect, are produced and emerged above the broadband spontaneous emission spectrum. This is a main characteristic of RLs resulted from coherent feedback [10] . Although the light paths in disordered nanostructures are arbitrary, scientists still want to manipulate some properties of RLs, such as the polarization [11] , output beam direction [12] , and emission wavelengths [13] by using various methods.
Nowadays, liquid crystals (LCs) have been widely used in display technologies and in the optoelectronic field such as in superior light modulators or dye-doped LC (DD-LC) lasers [14] , because LCs can be easily modulated by external signals such as temperature, electric field, and spatial tuning. Owing to their intrinsic birefringence characteristics, LCs are also superior light scatters and excellent candidates to be nanoparticles for generating random lasing [15] . In previous reports, different types of LCs, such as nematic LCs (NLCs) [17] , cholesteric LCs (CLCs) [18] , and polymer dispersed LCs (PDLCs) [19] , have been used as scattering medium to investigate the characteristics of RLs. The manipulation of the resonance characteristics from dye-doped NLCs (DD-NLCs) [17] and dye-doped PDLCs (DD-PDLCs) [19] in capillary tubes by means of temperature have been discussed previously. Yao et al. [11] have demonstrated that the orientation of the linear polarized light beams from DD LC laser, comprised two indium-tin-oxide (ITO) glass with parallel rubbing layers, is related to the alignment of the LC molecules.
In addition to NLCs, twist nematic LCs (TNLCs) are one of the most popular types of LCs used in display devices and speckle noise suppression [20] with small power consumption and low operating voltages. Unlike NLCs with parallel alignment inside the cell, the long axes of LC molecules inside a TNLC cell gradually twist through 90
• between two substrates with uniform homogenous alignment on them. Owing to this configuration, TNLC devices have been widely used as polarization controllers for electro-optical devices. Recently, the characteristics of RLs have been discussed by using dye-doped TNLCs (DD-TNLCs) [21] . In this report, we not only investigate the output polarization of DD-TNLC lasers from a wedge cell structure but also systematically demonstrate the manipulation of the resonance characteristics of RLs through the variation of temperature and pump polarization.
Experimental Details
The schematic setup of DD-TNLC wedge cell is shown in Fig. 1(a) . The homemade wedge cell comprised two ITO glass plates that were separated by using plastic spacers with two different size of spacers about 100 μm and 150 μm at both ends. In order to produce the twisted nematic cell, coats of polyimide (PI) on the two ITO glass plates were rubbed in perpendicular directions. The DD-NLC mixtures were prepared by doping 0.5 wt% Pyrromethene 597 (PM597, Exciton Inc.) as a gain medium into the NLCs (MDA-981602, ne = 1.7779, no = 1.5113, n = 0.2666, Clear point at 109°C, Merck Inc.) as the main scattering materials. To make sure the LCs were uniformly distributed in the isotropic phase, the DD-NLC mixtures were continuously stirred and heated in a small vessel. Then, we filled the DD-NLC mixtures into the empty space of wedge cell using the capillary effect. Fig. 1(b) shows the experimental setup for generating random lasing from DD-TNLCs through the excitation of a linear polarized and frequency-doubled, Q-switched Nd:YAG laser with a central wavelength of 532 nm. The repetition rate of pump pulses was 10 Hz and pulse duration was 2.9 ns. In this study, focused pump energy on DD-TNLC was controlled by combining the λ/2 waveplate (WP 1 ) with the polarization beam splitter (PBS). Besides, the other λ/2 waveplate (WP 2 ) behind the PBS was used to rotate the linear pump polarization on DD-TNLC cell. The spectra of the DD-TNLC laser were collected using a fiber tip and then measured by a spectrometer with a resolution of around 0.3 nm (Ocean Optics Inc.). Although the alignment of the LCs near the ITO glass plate were restricted by the rubbed PI on ITO glass, the arrangement inside cell was disordering, which related to the thickness of the infilling LC mixtures, because of the relatively thick wedge cell in the center around 125 μm. In addition, the geometry of wedge cell constructed by the non-parallel glass plate would further enhance the disordering of LCs alignment. Thus, multiple light scattering were efficiently enhanced within birefringent liquid molecules. In order to suppress laser speckle noise, Lin et al. filled polymer stabilized LCs (PSLCs) inside wedge cells to further reduce speckle contrast of projected image [20] . A photograph of a DD-TNLC wedge cell and projected lasing beam spot on a screen are shown in Fig. 1(b) .
Results
The typical RL spectra of DD-TNLC with almost the same total energy at different time slot (t 1 = t 2 = t 3 = t 4 ) were shown in Fig. 2(a)-(d) . It is obvious to see the time varied multiple emission spikes on the top of the pedestal resulted from the broad spontaneous emission of the lasing dye, which is the characteristic of the RL that has been widely demonstrated by using various anisotropic materials as a scatters. Unlike multiple mode lasing generated from low Q-factor cavities that were determined by the resonator and did not change with time, distinct emission lines can be observed at different time slot attributed to different random path taken by the laser within LC mixtures confined between two slides. It can also be verified in the corresponding Power Fourier Transformation (PFT) spectra (inset of each RL spectrum in Fig. 2(a)-(d) ) that reveals completely different characteristics. Theoretically, the frequency of harmonic from the Power Fourier Transformation (PFT) spectrum occurs at multiple of the n eff L c /π, where n eff is the refractive index of LCs and L c is the cavity path length. Therefore, the cavity path length about 94.5 μm can be estimated from PFT of Fig. 2(a) and 155.3 μm from Fig. 2(d) that is comparable to the cell thickness about 125 μm. In order to further confirm the random lasing from DD-LCs in wedge cell, the Lévy statistics [22] - [24] was adopted by using one thousand spectrum slots to obtain the time varied intensity at λ = 572 nm (Inset in Fig. 2(e) ). The probability of intensity distribution was shown by the histogram and fitting by the α-stable distribution (red solid curve) as shown Fig. 2(e) . Unlike Gaussian distribution with tail exponent rate α = 2, the obtained parameter α = 1.56 < 2 in our fitting describes the Lévy behavior [22] .
So far, scientists are not only curious to demonstrate the occurrence of RLs in different kinds of nano-structures but also are interested its intriguing characteristics such as polarization. In a previous report [25] , the transverse-electric (TE) polarized output of a RL has been demonstrated by the orientation of ZnO nanorods embedded in the ZnO thin film. In order to confirm the output polarization from the two sides of the DD-TNLCs, the linear polarizer (LP) was put between the DD-TNLC cell and fiber tip. When we rotated the LP, the emitted spectrum components at different angles θ, the included angle between the electric field of the RL and the x-axis, from plate I were measured by the spectrometer as shown in Figs. 3(a) . Fig. 3(b) shows the corresponding power Fourier transformation (PFT) spectra of the emission spectra at specific θ shown in Fig. 3(a) . Each PFT spectrum contains a series of unequal and broad FT components that are related to the specific resonators. It demonstrated the random lasing characteristic of our DD-TNLC laser.
The intensity of the emission spikes shows completely different trends with θ (the included angle between the output polarization and the x-axis (the rubbing direction on plate II)) from two output plates of TNLC cell. From plate I, the intensity of RL increases with θ as shown in Fig. 3(a) . The integrated intensity components I RL (θ), from plate I (red circles) and plate II (blue squares), as a function of angle θ are shown in Fig. 3(c) . The solid curves are cosine squared fitting lines. It is obvious to see that the maximum intensity component I RL of RL from plate I (red circle line) is almost parallel to the y-axis (θ = 90
• ). However, the x-axis intensity component of RL could hardly be measured as the θ decreased to 0
• (and 180
• ). The degree of the polarization (P) from the DD-TNLC laser was estimated according to the formula [11] : P = (I T, max − I T , min ) / (I T , max + I T , min ) where I T , max and I T , min are the maximum and minimum integrated intensity components, respectively. Here, P is estimated to be 0.92 from plate I which shows the linear polarized random lasing beam from plate I. In contrast, for plate II, the maximum and minimum I RL (θ) are parallel (θ = 0 ο and 180 • ) and perpendicular to the (θ = 90
• ) x-axis (blue square line in- Fig. 3(c) ). Thus, two orthogonal linear polarized beams (red arrows in Fig. 3(d) ) were verified to output from the DD-TNLC laser, with their polarization directions dominated by the rubbing direction of PI on each plate.
In a previous report, Strangi et al. [26] indicated that the orientation of the transition dipole moment of the dye molecules would follow the parallel alignment of the local nematic director inside the wedge cell. For the DD-TNLC laser, the local nematic director at the two end plates of cell was determined by the rubbing direction of PI, which can influence the alignment of the transient dipole moments of the laser dye. This would be the reason that the DD-TNLC laser, with orthogonal rubbing PI on two end plates, outputted the orthogonal linear polarized random lasing beams, i.e., vertical (along the y-axis) at plate I and horizontal (along the x-axis) at plate II as shown in Fig. 3(d) . Nevertheless, the alignment of LCs inside cell are disordering owing to the relative thick wedge cell to induce the multiple light scattering and coherent feedback. Therefore, the characteristic of RL such as irregular spikes with narrow linewidth were observed in the measured optical spectra.
In order to confirm the arrangement of the fluorescence molecules on the two plates, the room temperature photoluminescence (RT-PL) components of the DD-TNLCs at the specific angle θ were measured by using a linear polarized continuous wave (CW) green laser as an excited light source. Through the rotation of the LP, the x-axis (θ = 0 ο , blue solid curve) and y-axis intensity components (θ = 90
• , red dashed curve) of the PL from plates I and II are shown in Figs. 4(a) and (b), respectively. In addition, polar plots of integrated emission intensity I PL (θ) from the fluorescent molecules as a function of angle θ are also shown in the inset of these two figures. As with the intensity distribution of RL shown in Fig. 3(c) , the parallel PL components to the rubbing direction of PI on each plate, such as the y-axis component (θ = 90
• , red dashed curve) from plate I in Fig. 4 (a) and the x-axis component (θ = 0
• , blue solid curve) from Plate II in Fig. 4(b) , show the largest intensity. As the included angle between the polarization of the LP and the rubbing direction of PI increased, the measured I PL (θ) gradually decreased as shown in the polar plots (insets of Fig. 4(a)  and (b) ). The orthogonal PL components relative to the rubbing direction of output plate exhibited the minimum value, such as θ = 0
• of plate I and 90
• of plate II in Fig. 4(a) and (b) . The schematic setup of the pump polarization related output intensity from the DD-TNLC laser is illustrated in Fig. 1(b) , in which a half-wave plate (WP 2 ) after the PBS was applied to rotate the electric field (E p,Q ) of the Q-switched pump beam. The green and red arrows in Fig. 5(a) show the polarization of the pump and the random lasing beam of the DD-TNLC laser. The integrated output intensity of the DD-TNLC laser from plate I (red solid squares) and plate II (red open circles) as a function of the angle φ, the included angle between the pump polarization and the x-axis (the rubbing direction on plate II), are shown in Fig. 5(b) . In our measurements, the output intensity from both plates shows pump polarization dependent relations with the same trend that can be fitted by the cosine squared function (red solid line). The maximum intensity of the RL would be produced when E p , Q is perpendicular to the rubbing direction of plate I (E p , Q ⊥y − axis, φ = 0 o ). In comparison with the output intensity with E p , Q y − axis (φ = 90 o ), the DD-TNLC laser outputted six-fold higher intensity when the E p , Q was perpendicular to the rubbing direction of plate I (φ = 0
• ). Similar investigations have been reported for DD-NLC laser with a parallel arrangement of LC molecules inside the cell, in which the dependence of the output intensity was illustrated to relate to the orientation of the linear pump polarization relative to the local director of the NLCs [26] . It produces the maximum emission intensity by using the parallel component of linear pump polarization that can be reasonably explained according to Fermis Golden Rule. The theory says that the transition and emission rate of the fluorescent molecules are strongly related to the coupling ratio of the electric field E p of the pump beam into the transition dipole moment u of the lasing dye, i.e., the projection of E p · u. However, it cannot be used to explain our result that the maximum output intensity is perpendicular to the local director of the NLCs (and the u of the lasing dye) at plate I.
Then, the RT-PL spectra from the DD-TNLC cell were measured by using the linear polarized CW green laser as an excitation source. Fig. 5(c) and (d) shows that the measured PL from plates I and II when the electric field (E p , CW ) of the CW laser is parallel (E p , CW y − axis, φ = 90 o , red dashed curve) and perpendicular (E p , CW ⊥y − axis, φ = 0 o , blue solid curve) to the rubbing direction of plate I. Like the result from the excitation of the Q-switched laser (Fig. 5(b) ), the output from both plates of the DD-TNLC laser emitted the maximum and minimum intensity when the E p , CW was perpendicular (φ = 0
• , blue solid curve) and parallel (φ = 90
• , red dashed curve) to the rubbing direction of plate I, respectively.
In Fig. 5(c) , it is clear the emission peak at 532 nm owing to the reflection of the pump beam from plate I as E p,CW y-axis (φ = 90
• , red dashed curve). When we adjusted the half-wave plate to make the E p,CW parallel to the x-axis, this emission peak obviously decreased (φ = 0 • , blue solid curve in Fig. 5(c) ). Normal reflectance (R) of light at the interface between the two materials with the refractive index n 1 and n 2 is estimated according to the Fresnel equation:
2 . Owing to the reflective index difference between the NLCs and glass, the reflectance about 0.7188% for the E p,CW y-axis (n e = 1.7779) is higher than the value about 0.0014% for the case E p , CW ⊥y-axis (n o = 1.5113). In Fig. 5(b) , the integrated intensity of the reflected peak at 532 nm (blue triangles) versus the angle φ (blue curve, sinusoidal fitting function) illustrates that the lowest output intensity from the DD-TNLC laser might be due to the largest reflectance of the pump beam with E p,CW y − axis (φ = 90 o ). The manipulation of the resonance characteristics of the DD-TNLCs through temperature changes was also investigated. The cell was mounted on a copper block that was thermally controlled by water. As pump energy was fixed at 3 μJ and the controlled temperature (T C ) was below 25°C, the intensity of the random lasing spikes increased with T C as shown in Fig. 6(a) , i.e. the black, red and blue lines with T C = 10
• C, 15
• C, and 25°C, respectively. This is attributed to the enhancement of the irregular arrangement of the NLCs within the wedge cell to enlarge their scattering cross section σ s at higher temperatures and results in the shortening of the mean free path l s . In other words, the light scattering strength in the NLCs is efficiently boosted. However, like previous report [17] , the intensity of the emission spikes decreases as T C > 25
• C, see, for example, the lasing emission spectrum at 40°C (brown curve in Fig. 6(a) ). Fig. 6(b) shows the output intensity of the RL as a function of the pump energy at different environmental temperatures (solid squares, T C = 10
• C; solid circles, T C = 15 • C; solid reversed triangles, T C = 25
• C; open diamonds, T C = 40 • C; dashed line, fitting curves). It also shows that the slope efficiency of the DD-TNLC laser gradually increased and the lasing threshold gradually decreased as we increased the temperature from 10°C to 25°C. In contrast to T C = 25
• C, the slope efficiency declined and the threshold increased for the RL with T C = 40
• C. Owing to the absorption of the lasing dye within the pump region, the thermal fluctuations within the NLCs would greatly increase to raise the lasing threshold. Besides, even higher temperatures would move the NLCs toward the isotropic phase and cause the reduction of σ s for the whole system [17] .
Conclusion
In conclusion, we have demonstrated mutual-perpendicular linear-polarized random lasing beams output from both plates of dye-doped twisted nematic liquid crystals cell. The output polarization is solely attributed to the alignment of lasing dye at the output plate, which was influenced by the restricted LCs from rubbing PI on ITO glass. Nevertheless, the coherent feedback can still occur, as measured from irregular spikes on spectrum, which is resulted from multiple light scattering within the disordering alignment of the LCs inside a relatively thick wedge cell. Moreover, the resonant properties of RLs can be successfully manipulated by means of a number of parameters. Owing to the reflectance between the LCs and the ITO glass plate, the output intensity of the RLs can be altered through the orientation of the pump polarization relative to the rubbing direction at the incident plate. Furthermore, the lasing threshold and the slope efficiency of the DD-TNLC laser would be manipulated by thermal control. It revealed that the highest intensity of random lasing spikes occurred while operating temperature at 25°C. All the measured results demonstrated that the manipulative characteristics of the DD-TNLC RLs will be of practical for use in sensors, speckle noise suppression, or some optical systems.
